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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge

MK++ in prep.

GRB 190114C

e e spatial/temporal coincidences
- pd S

110-180s e.g. blazars, tidal disruption events (TDES)

GRB 190820A multi-wavelength spectra
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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge
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The task

— in the comoving frame
— homogeneous/isotropic
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The task

— in the comoving frame
— homogeneous/isotropic
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The task

— in the comoving frame
— homogeneous/isotropic
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The task

— in the comoving frame
— homogeneous/isotropic

injection of
relativistic particles/
target photon fields

escape/advection

expansion

— solve transport eqs.

atni — Q aE(Enl) — 0N torspeciesie]

particle number density \ I /

92N, depend in general on E, t, n;
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The workflow
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The workflow
/estimate the coefficients\
Q, E, a (time scales)
based on current state

S of system Y,
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Estimate the coefficients

o e’ ¥ n P v ,u,jE ot

Injection Qe inj — (2 inj — (2p.inj — — -
ESC&PE Xe— osc Kot esc ey esc Xn esc ¥p esc ¥y esc ¥y esc ¥ esc
Synchrotron E’C—,SY EE+’5Y ey 8y, (Qv.8Y - E'p,sy - E;;,‘}Y E?r,SY
Inverse Compton Eﬂ—jlc Ec+,IC .1, (Q~.1C — Epic - E,1c Er 10

Pair annihilation QC_,pﬂir Qc+,pair ¥y pair — - - - -

Bethe-Heitler Q.- Bu Qe+ BH — - Ep,BH - - -
Photo-pion — — Oy pys Qypy | Cnpys Quipy | Xppys Qpopy — — Qo .py
Proton-proton — - Q~.pp - Ep,pp - - Qr.,pp

Adiabatic/Expansion E'C_ ads Yo oxp E','EJF ads et oxp ¥y exp Ep,nd,, p exp (¥ oxp Yy oxp E‘mad, Yy exp Eﬂ,ad, Otx exp
Pion DE!C‘(I}’ - - - - - Qy,ﬂ dec Q;.-..,'rr dec g m—dec
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— see appendix of arxiv:2312.13371 for details
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https://arxiv.org/abs/2312.13371
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Estimate the coefficients: GRB example

proton-syn-scenario
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Estimate the coefficients: GRB example

proton-syn-scenario
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Estimate the coefficients: GRB example

proton-syn-scenario
t=1000s,B'=31G

Emaxf

1013 , P
1012 - ,{5"/‘
1011 - &’P.l
10104 &/
10795/
108+ /
1074/
iy 6
2 105 adiabatic
= 10° -
1044 free streaming escape
10° protons p
102 -
Lo pairs e*
100 photons y
10—1 -
10_2 T T T T T T T T d T T T ! ' T 1 T T T T T T T T
1073 10° 103 10° 10° 1012 101> 1018 102!
E' [eV] MK++ in prep.

DESY. | AM3 News | M.Klinger | 21.02.2024

20



Estimate the coefficients: GRB example

proton-syn-scenario
t=1000s,B'=31G
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T’ [s]

Estimate the coefficients: GRB example

proton-syn-scenario
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The workflow

4 )
evolve particle densities n;

In time for small step
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Evolve the particle densities

log

-1

y E i const
H
1
1

: » log E
Emax

DESY. | AM3 News | M.Klinger | 21.02.2024

24



Evolve the particle densities
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Evolve the particle densities

es 1. Skip regime

n>0ande =07

2. Sink regime
yes 3. Advection regime
A>a?
A AL a? no
no 4. Sink advection regime
no A> —’? (mA=a)
\ (Courant)
: yes 5. Tri-diagonal matrix regime
dt T
fast matrix solver
matrix
» log E
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Evolve the particle densities

€S 1. Skip regime fast semi-analytic

n>0ande =07 / \

2. Sink regime
yes 3. Advection regime
A> a?
log 7 AL a? o
no 4. Sink advection regime
no A> —’? (A=a)
\ (Courant)
yes

5. Tri-diagonal matrix regime
dt

§ ER—— - |

fast matrix solver

matrix ana.

» log E
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Evolve the particle densities

rd

€S 1. Skip regime fast semi-analytic
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1
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i fast matrix solver
|
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' » log E
Eax — see appendix of arxiv:2312.13371 for details
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Fast

* sSteady state in 1-10 seconds

arxiv:2312.13371
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Fast

* sSteady state in 1-10 seconds

« speed optimizations:
— pre-calculated/tabulated/simplified kernels
(cut to relevant energy ranges)
~40 switches allow to select for relevant processes
monitor computational cost
speed optimized solver
compiled (C++)

vl

adjustable energy grid
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Trackable

« possibility to co-evolve components to track contribution

— which neutrinos come from pp/py?
— which processes contribute how much to electrons/positrons?
— which components dominate photon spectra at which energies?

* no real slow down

« great intutition!
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Trackable
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E?dn/dE [erg/cm?]

Trackable

particle SEDs
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E?dn/dE [erg/cm?]

Trackable
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E?dn/dE [erg/cm?]

Trackable
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E?dn/dE [erg/cm?]

Trackable — pair annihilation
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E?dn/dE [erg/cm?]

Trackable — photo-pion cascade: py -
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E?dn/dE [erg/cm?]

Trackable — photo-pion
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E?dn/dE [erg/cm?]

Trackable — photo-pion cascade: py - w > u — e*
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E2dn/dE [erg/cm?3]

Trackable — Bethe-Heitler
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Trackable — proton-proton : pp - m > u - e*
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E?dn/dE [erg/cm?]

Trackable — neutrinos
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E?dn/dE [erg/cm?]

Trackable — neutrino flavours
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Now public!

« paper with detailed summary
of processes, solver, etc...
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ABSTRACT

We present the AM? (“Astrophysical Multi-Messenger Modeling™” ) software, which has been success-
fully used in the past to simulate the multi-messenger emission, including neutrinos, from active galactic
nuclei, including the blazar sub-class, gamma-ray bursts, and tidal disruption events. AM® is a doc-
umented state-of-the-art open source software * that efficiently solves the coupled integro-differential
equations for the spectral and temporal evolution of the relevant particle densities (photons, electrons,
positrons, protons, neutrons, pions, muons, and neutrinos). AM?* includes all relevant non-thermal
processes (synchrotron, inverse Compton scattering, photon-photon annihilation, proton-proton and
proton-photon pion production, and photo-pair production). The software self-consistently calculates
the full cascade of primary and secondary particles, outperforming simple test-particle approaches, and
allows for non-linear feedback and predictions in the time domain. It also allows to track separately
the contributions of different radiative processes to the overall photon and neutrino spectra, includ-
ing the different hadronic interaction channels. With its efficient hybrid solver combining analytical
and numerical techniques, AM?® combines efficiency and accuracy at a user-adjustable level. We de-
seribe the technical details of the numerical framework and present examples of applications to various
astrophysical environments.

Keywords: numerical methods — neutrino astronomy — gamma-ray astronomy — radiative processes
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Now public!

https://am3.readthedocs.io/en/latest/

o p ap e r Wi t h d etai I e d S u m m ary 4 A3 documentation # / Welcome to the AM?3 (Astrophysical Multi-Messenger Modeling) Software! View page source

Of p Focesses y SO IVe I’, etC . @ Welcome to the AM? (Astrophysical Multi-
3 Messenger Modeling) Software!

Search docs

Installation

* documentation with examples
iIn C++ and python

Quickstart

Overview of AM?®

List of switches

Running AM3

Detailed example

Running with Docker

Running from C++

AM? is a software package for simulating lepto-hadronic interactions in astrophysical
environments. It solves the time-dependent partial differential equations for the energy spectra of
electrons, positrons, protons, neutrons, photons, neutrinos as well as charged secondaries (pions
and muons), immersed in an isotropic magnetic field. Crucially, it accounts for the fact that photons
and charged secondaries emitted in electromagnetic and hadronic interactions feed back into the
interaction rates in a time-dependent manner, therefore grasping non-linear effects including

electromagnetic cascades.
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Now public!

« paper with detailed summary
of processes, solver, etc...

* documentation with examples
iIn C++ and python

« e-malil address

DESY. | AM3 News | M.Klinger | 21.02.2024

contact-am3@desy.de
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Now public!

* paper with detailled summary =
of processes, solver, etc...

* documentation with examples
iIn C++ and python

« e-malil address

Welcome to the AM® (Astrophysical Multi-Messenger Modeling) Software!

e source code public on GitLab
and maintained by AM?3 team

E I. -
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Now public! A

« paper with detailed summary U

of processes, solver, etc...

* documentation with examples
iIn C++ and python

« e-malil address

e source code public on GitLab
and maintained by AM?3 team

 collaborators welcome!
« C++ AND python3 (same user interface names)

 Docker
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Tested

« Blazars — see talks by Anastasiia, Sara and Xavier
« TDEs — see Chengchao’s talk
« GRB prompt emission — see Zeljka’s talk

 GRB afterglows — now

DESY. | AM3 News | M.Klinger | 21.02.2024
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Gémma-Ray Burst Afterglows

with Chengchao Yuan, Andrew Taylor, Walter Winter
and AM3

HELMHOLTZ WEIZMANN

RESEARCH SCHOOL HELMHOLTZ



Why to care about GRBs?

 non-thermal particle acceleration at shocks
 relativistic realisation: afterglow of a gamma-ray burst
* observational handle: mainly photon spectra

« connection of observed photon spectra to underlying physics based
on many assumptions — room for improvement

e new observational window at VHE

— crisis (= we can learn something new!)
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GRB afterglows detected at VHE!

Los MK++ in prep.

- GRB 190114C

-

S - MAGIC
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.
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g L 1| ~HESS.
ﬁ? 10—12é ..

w

10—13 ]

10-7g

- LHAASO

108

EFe [erg/cm?s]

10-9g

10710

102 10° 10* 10> 10° 107 108 10° 10%° 101! 1012 10%3
energy [eV]
DESY. | AM3 News | M.Klinger | 21.02.2024

data from:

MAGIC Nature 575 (2019)
Swift+Fermi ApJ 890 (2020)
MK++ MNRAS 520 (2023)
H.E.S.S. Science 372 (2021)
Zhang++ ApJL 956 (2023)
Liu++ APJL 943 (2023)
Tavani++ arXiv:2309.10515
LHAASO Science 380 (2023)
MK++ MNRAS 529L (2%%4)



GRB afterglows detected at VHE!

MK++ in prep.
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10° 10%° 10%! 10%? 10%3

- MAGIC

- H.E.S.S.

- LHAASO

single component?
flat power-law spectra
extending up to >TeV

data from:

MAGIC Nature 575 (2019)
Swift+Fermi ApJ 890 (2020)
MK++ MNRAS 520 (2023)
H.E.S.S. Science 372 (2021)
Zhang++ ApJL 956 (2023)
Liu++ APJL 943 (2023)
Tavani++ arXiv:2309.10515
LHAASO Science 380 (2023)
MK++ MNRAS 529L (2%%4)



Afterglows: Radiation from a relativistic shock

ElS% = 10%%erg,n, = 1 cm™3

Lorentz factor T

100 in shock rest frame
] 40 downstream upstream
20 :Bd .Bu
101 - 8 — P R——
100 102 100 10* 10 10° Blast wave shock CBM
tobsls]

(circum-burst medium)
Blandford & McKee 1976
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Afterglows: Radiation from a relativistic shock

ElS% = 10%%erg,n, = 1 cm™3

100

102-

40

101 _

Lorentz factor T

20

IIIIIIIIIIIIIIII'>

10? 102 103
tobs[S]
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104

10°

106

In shock rest frame

downstream upstream
lgd lgu
o —
Blast wave shock CBM

(circum-burst medium)

thermal (e, p)

AN

— NP2r2 2
ram — pll‘lam _ lguru puc

with p, = nymy,c?

/]

non-thermal (e, p)

d

magnetic fields (B) | ¢, = IZX
pram
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Afterglows: Radiation from a relativistic shock

ElS% = 10%%erg,n, = 1 cm™3

~ 100 In shock rest frame
g 40 downstream upstream
8 ﬁ
S 20 Ba | Bu
S 10' 8 -— | —
o
— 100 102 10  10® 105  10° BlaSt wave shock CBM
tobslS] (circum-burst medium)
thermal (e, p)
E dn
tic tace = 1 — °_ « EPe \ 212, 2
0g ¢4 o eBc dE.dt ¢ ram — Pram = BulupuC
tadi t / with p, = nymy,c?
+ \ == non-thermal (e, p)
L > - > d
i log E -
Egnax log E min % magnetic fields (B) | ¢, = IZX
pram
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Synchrotron Self-Compton (SSC) scenario

L t= 1000s,z=0.1 SSC-scenario
10 ] i dust preliminary vy (EBL,CMB) MK-++ in prep.
107° - photoel. r 50
— ].0_7 m n 1
L 1078 - —4
&R 10
£ 1079 |
= £ |107L5
> 10—10 .
¢ 10-11 i
E 10-12 :nin 1099
W 1p-13 n 1
10-14 p | 23
10—15

1073 100 103 106 109 1012 10%1° 1018 1021

E [eV] @

. C . . _ time dependent
Problem: Klein-Nishina suppression tricky! modeling with AM?

(1) slope at VHE very soft (2) parameter fine tuning to get peaks at ~ same height
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Extended synchrotron scenario

t=1000s,z=0.1 extended-syn-scenario

-5 _ .
10 . dust RSN preliminary VHE vy (EBL,CMB) MK++in prep.
1 —0b
0_7 photoel. total r| so
: 10 7] n 1
n -8 _
NE 10 Ep 103
G 10794 ~1.5
a 10—10 -
o 10-11 4 Ep 0
IL_EI-I 10_12 | E:nln 1010 >
10713 n | 104
10~14 p 2
10—15

103 100 103 106 109 1012 1015 1018 1021 AN
E [eV] (})

time dependent
modeling with AM3!

Problem: how to explain n «< 1?
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Scan for flat scenarios

MK++ in prep.
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Proton synchrotron scenario

t=1000s,z=0.1 proton-syn-scenario

-5 _ .
10 WlSes X-ray preliminary VHE vy (EBL,CMB) MK++ in prep.
107° - photoel. r | s0
— 10_7 7 ' — n 102
) 10-8 - primary e protons
P Ep 10°1
£ 1079+
"-L-)’ Ee 10—4.5
S 10710 4 —
O 10-11- neutrinos & | 10
u min| 10%°
Lll:l 10_12 ________ min
W 4-13 : n 1
10-14 p 2.0
1071 - ~
10~ 10° 10° 10° 10° 1012 101> 1018 1021

time dependent
Problem: proton synchrotron component at exponential cut-off! modeling with AM
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pp-cascade scenario

. t=1000s,z=0.1 pp-cascade-scenario
1071 VS X-ray preliminary VHE vy (EBL,CMB) MK++ In prep.
107° - photoel. r| 23
— 1077 - n | 103
n -8 _
N 10 €5 10—4.5
E 10—9 -
O €e |10765
a 10—10 .
5 10-11- | pp casc. € | 10°
= Lo-12 primary e [alle[J88 |\ ouitrinos | 1090
W q9-13 4 ‘ n 3
10-14 - 2 H pail py casc. p | 21
10715 ==

103 10° 103 ' 106 ' 109 1012 1015 1018 1021 71\
E [eV] ())

time dependent
modeling with AM3!

Not very bright, high densities,
extreme baryonic loading, but flat!

DESY. | AM3 News | M.Klinger | 21.02.2024 61



https://gitlab.desy.de/am3/am3

py-cascade scenario

t=1000s,z=0.1

dust
photoel.
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X-ray

preliminary

primary e

10°
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Extreme energy requirements! ]
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py-cascade-scenario
vy (EBL,CMB)
neutrinos

MK++ in prep.
r 50

n | 103
eg | 107>
e (L=
& | 10°
in|RL0%
n 1

p 2.0

1015 1018 1021

&)

time dependent

modeling with AM3!
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A
Summar
AMS - publig! @

« solve transport equations - time dependent!

« for protons, electrons, photons
+ pions, muons, neutrinos

DESY. | AM3 News | M.Klinger | 21.02.2024
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AN
Summary
AM3 - public! @

« solve transport equations - time dependent!

« for protons, electrons, photons
+ pions, muons, neutrinos

* Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..

DESY. | AM3 News | M.Klinger | 21.02.2024

1073 10° 103 10° 10° 10%2 10% 108 107!
E'[eV]
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Summary
AMS - public!

« solve transport equations - time dependent!

« for protons, electrons, photons
+ pions, muons, neutrinos

DESY. | AM3 News | M.Klinger | 21.02.2024

A

o)

speed optimized (steady state in ~10s)

Simulation time on single CPU [s]

Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..

10

e ®
< Leptonic [Hadronic — e0®® o
o ®
°® °
o°*
° L]
.
° L]
L]
.
® Typical
Pur IceCube Ultra-high
lept candidate energies
(~0 (1-3s) (5-10 sec)
10 10* 108 108

Max. energy of proton grid [TeV]

T [s]

1013
1012 4
1011 4
1010 4
10°
105 4
107 4
106 B
105 -
104 4
103 4
102 4
101 4
100 4
1071 4
102

proton-syn-scenario
t=1000s,B'=31G

15
;

/

&l

o
&

.l
!

~.

/

adiabatic

free streaming escape

protons p
pairs e*
photons y
pions n*
muons y*

1073

10°

103

165 10°
E'[eV]

o 1o e 1o

65


https://gitlab.desy.de/am3/am3

Summary
AMS - public!

« for protons, electrons, photons
+ pions, muons, neutrinos

« solve transport equations - time dependent!

Simulation time on single CPU [s]

* Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..

* speed optimized (steady state in ~10s)

e component tracking
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Summary
AMS - public!

A

o)

solve transport equations - time dependent!

10

for protons, electrons, photons
+ pions, muons, neutrinos

Simulation time on single CPU [s]

Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..
speed optimized (steady state in ~10s)
component tracking

written in C++, interface to python

E2dn/dE [erg/cm?3]

used already for blazars (initially Gao++ 2017),
GRBs, TDEs =]

public including documentation!

https://qitlab.desy.de/am3/am3 E
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7N

Summary @

« solve transport equations - time dependent!  VHE detection of GRB afterglows creates

crisis for standard SSC model
« for protons, electrons, photons

+ pions, muons, neutrinos — chance to learn something new!

. Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,.. ° alternative single zone scenarios:

_ , n nchrotron i-
. Speed optlmlzed (Steady state in “‘108) — extended synchrotron (probably rather muiti-zone)
— proton synchrotron

« component tracking —» pp-cascade

« written in C++, interface to python — py-cascade
« used already for blazars (initially Gao++ 2017), * no perfect fit found yet!
GRBs, TDEs

* public including documentation!
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Summary @

« solve transport equations - time dependent!  VHE detection of GRB afterglows creates

crisis for standard SSC model
« for protons, electrons, photons

+ pions, muons, neutrinos — chance to learn something new!

. Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,.. ° alternative single zone scenarios:

_ , n nchrotron i-
. Speed optlmlzed (Steady state in “‘108) — extended synchrotron (probably rather muiti-zone)
— proton synchrotron

« component tracking —» pp-cascade

« written in C++, interface to python — py-cascade
« used already for blazars (initially Gao++ 2017), * no perfect fit found yet!
GRBs, TDEs

* public including documentation!
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Estimating the time scales / source terms

process: a — b (e.g. synchrotron)

convolution radiation kernel convolution radiation kernel

Qa—>b (EbJ t) — fdlnEana(Ea) Ra—>b (Ea; Eb) Xq-b (Ea' t) — f dlnEbnb (Eb) Ra—>b (Ea' Eb)

process: a + b = c + d (e.g. inverse Compton)

convolution convolution

Qa,b—w(Ec» t) — f dlnEana(Ea)f dlnEbnb (Eb) Ra,b—>c(Ea» Ep, Ec)

C do b
Ra,b—>C(Ea' Eb' Ec) — Ef d.u (1 o ,U) dEC'lcd,LlC (Ea' Eb' EC' :u)
radiation kernel Cross section

convolution convolution

Agpc(Eq,t) = J dinE n.(Ep) [ dInEyny, (Ep) Rapoc(Eq Ep, Ec)
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Fireball model: Long GRB

DESY, Science Communication Lab

core collapse
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Fireball model: Long GRB

DESY, Science Communication Lab

remnant
1

afterglow‘ o~

core collapse
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Fireball model: Long GRB

DESY, Science Communication Lab

remnant
1

core collapse

DESY. | AM3 News | M.Klinger | 21.02.2024

afterglow o~

Lorentz factors up to
few 100

— relativistic compression

Quasi isotropic outflow

Energetics:

— observed up to: Ej,~10°°erg

= Eror = - Eiso~10"erg

— comparable to SN !

efficient converters of kinetic

energy to radiation
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Time scales: SSC

SSC-scenario
t=1000s,B'=0.1G
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Time scales: extended synchrotron

extended-syn-scenario
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Time scales: proton synchrotron

proton-syn-scenario
t=1000s,B'=31G
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Time scales: pp-cascade

pp-cascade-scenario
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Time scales: py-cascade

py-cascade-scenario
t=1000s,B'=1.0G !
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